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@ Apparatus and method for model based process control. 

@ The present invention configures a control 
strategy and a process model to calculate a 
setting of a machine within a plant in order for 
the plant to operate in an efficient manner. The 
present invention adjusts the process model in 
accordance with an analysis of the setting to 
control the machine. 
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Field of the Invention 

This invention relates to a process for the model- 
ing and control of equipment processed in factories 
which have fabrication and other techniques. The in- 
vention further relates to a computer integrated man- 
ufacturing (CIM) system that includes a factory-spe- 
cific model for automatic control and to the use of the 
models for the design of the CIM systems. 

Background of the Invention 

Most manufacturing plants or factories are dis- 
tributed in that they consist of heterogenous, uncon- 
nected factory stations to do work. The virtue of this 
factory design is that it provides the adaptability to a 
varying product mix. The drawback is the resulting 
complexity of operations, management, and quality 
control. 

A distributed manufacturing plant is capable of 
fabricating a variety of products through an ordered- 
process sequence of process steps. Each process 
step can be performed by at least one station in the 
factory. Distributed factories are common in the man- 
ufacture of modern electronic products. Six types of 
distributed factories can be involved: wafer slicing, 
wafer fabrication, semiconductor-component assem- 
bly, circuit-board fabrication, circuit-board assembly, 
electric- product assembly. The arch type of the dis- 
tributed factory is a wafer-fabrication plant or "wafer 
fab," which may manufacture products simultaneous- 
ly according to over 1000 processes, averaging over 
100 steps each. 

The wafer fabrication factories with over 1000 
fabrication sequences are known. Such a collection of 
processes is difficult to represent in a drawing like a 
fab graph. Such a factory, however, can be described 
to a computer system. 

The complexity of distributed factories is further 
illustrated by the existence of tens of thousands of 
fabrication sequences in a general class of distributed 
factory called a "job shop." The standard approach to 
describing the collection of sequences in the job shop 
is to surrender to the complexity and describe the 
product class through the factory as being random. 
These are clearly not random, but only recently have 
computers provided the practical computational pow- 
er to describe highly complex factories accurately. 

The factory is a complex, data and information 
rich entity. The data structure with tens of thousands 
of parameters may be required merely to describe the 
factory. Furthermore, in operation, a dynamic factory 
produces orders of magnitude of data describing the 
production flows. The sheer volume of information 
has made the operation and control of distributed fac- 
tories a major problem. 

Despite the large data volumes and complexity of 
the problem, factory management and control was 



accomplished primarily by manual methods with lim- 
ited assistance in scheduling from software. The soft- 
ware schedule in practice is determined by the deci- 
sions of various production supervisors or foreman, 
5 or in some cases the workers themselves. In at- 
tempts to address the problems of optimal factory 
control, a tremendous theoretical literature on pro- 
duction scheduling has been developed. The result of 
this work has been to establish that current factory 
10 control is far from optimal and to define the degree of 
complexity of the factory management issues. Unfor- 
tunately, this work has not resulted in practical meth- 
ods for factory control. On the other hand, the world 
is filled with real factories that operate, however, sub- 
is optiomally. Where the theory has provided solutions 
to control, factories run through thousands of ad-hoc 
decisions made on the factory floor. Thus, there ex- 
ists a substantial need for the improvement in model- 
ing and control techniques so that they can be of more 
20 practical use. Each factory's equipment generally has 
it own control systems and monitoring capabilities for 
monitoring the flow, pressure, and adjustments for 
maintaining a given setpoint. As these machines be- 
come more sophisticated and capable of computer 
25 control, the control of these machines is increasingly 
being controlled through the use of computers. How- 
ever, as a result of this development, the machines 
are isolated into islands of automation, lacking a 
method and apparatus of complete automation. As 
30 machines process wafers in a factory, the processing 
varies form machine to machine as a result of slightly 
different machine characteristics. Further, as a ma- 
chine ages, the characteristics of the machine vary 
such that the wafers which are processed by the ma- 
35 chine are processed in a slightly different way result- 
ing in process drift Furthermore, as the environment 
around the machine changes slightly, the resulting 
process of the machine on the wafer changes result- 
ing in additional process drift. As a result, if there was 
40 any process drift due to the above-described rea- 
sons, an engineer or factory personnel would be re- 
quired to run a series of experiments on a particular 
machine to determine the reasons for the drift and to 
obtain a satisfactory compensation for the drift so 
45 that the process again reaches a target value. Since 
as described before, the factory consists of a large 
number of these machines, the job of the engineer is 
multiplied by a factor of 100 to maintain the complete 
factory to a predetermined target value. 

50 

Objecfts ofthe Invention 

It is an object of the invention to provide a control 
system that allows the engineer to determine the form 
55 or type of control for a specific process. 

It is an additional object of the invention to provide 
different degrees of control, including model-based 
control, statistical process control, and diagnostic 
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control. It is a further object of the invention to provide 
a controller that is compatible with different modeling 
techniques, modeling optimization techniques, differ- 
ent data acquisition techniques, different forms of 
data analysis, and different adjustment and feedback 
mechanisms. 

It is a further object of the invention to define 
processes in terms of their desired effects and em- 
ploy processes models that transform these effects 
into machine settings. It is a further object of the in- 
vention to provide for complete, seamless control, in- 
cluding the integration of material processing infor- 
mation, resource processing information, and proc- 
ess model feedback calculations. It is a further object 
of the present invention to provide a control mecha- 
nism such that the user defines how data is to be 
transformed, analyzed, and used to adjust process 
models. 

Summary of the Invention 

The present invention provides a run-by-run su- 
pervisory process control system, allowing the user 
to adjust the form of control for a specific process. 

The present invention additionally provides dif- 
ferent degrees of control including model based con- 
trol, statistical process control, and diagnosis control. 

The present invention is compatible with different 
techniques for model optimization, data acquisition 
and analysis, and model adjustment and feedback. 

The present invention defines processes in terms 
of effects and uses process models that transform 
these effects into specific machine settings. 

The present invention provides complete control 
and feedback that is seamless throughout the factory 
and across many varying pieces of machinery. 

The present invention provides a feedback mech- 
anism for a process model. 

The present invention includes An apparatus for 
controlling a process, comprising: circuitry for config- 
uring a plurality of process models; circuitry for con- 
figuring a plurality of control strategies; circuitry for 
selecting a process model from said process models 
and for selecting a control strategy from said control 
strategies; circuitry for calculating settings for a ma- 
chine from said process model and said control strat- 
egy; circuitry for performing a process in accordance 
with said settings; circuity for analyzing said process 
to determine if said process is within predetermined 
limits; and circuitry for tuning said process model in 
accordance with said analysis. 

The present invention additionally includes circui- 
try for configuring measurements from the machine. 

The present invention further includes circuitry 
for configuring strategy outputs to define how to ap- 
ply a machine to the process. 

The present invention further includes circuitry 
for defining a conbination of predictions or observa- 



tions. 

The present invention further includes circuitry 
for configuring a model tuner to tune the process 
model. 

5 The present invention further includes circuitry for 
configuring an optimization strategy to solve the 
process model. 

The present invention further includes circuitry to 
obtain the measurements. 
10 The present invention further includes circuitry 

for applying the measurements to the process. 

The present invention further includes circuitry 
for tuning the process model in accordance with the 
model tuner. 

is The present invention includes A method for con- 

trolling a process comprising the steps of configuring 
a plurality of process models; configuring a plurality 
of control strategies; selecting a process model from 
said process models and selecting a control strategy 

20 from said control strategies; calculating settings for 
the machine from said process model and said con- 
trol strategy; performing a process in accordance 
with the said settings; analyzing said process to de- 
termine if said process is within predetermined limits; 

25 and tuning said process model in accordance with re- 
sult of said analyzing steps. 

The present invention further includes the step of 
configuring measurements from the machine. 

The present invention further includes the step of 

30 configuring strategy outputs to define how to apply 
matrix to the process. 

The present invention further includes the meth- 
od step of defining a combination of predictions or ob- 
servations. 

35 The present invention further includes the meth- 

od step of configuring a model tuner to tune the meth- 
od process. 

The present invention further includes the step of 
configuring an optimization strategy so that the proc- 

40 ess model can be solved. 

The present invention further includes the step of 
obtaining the measurements from the machine. 

The present invention further includes the meth- 
od step of applying the measurements to the process. 

45 The present invention further includes the step of 

tuning the process model in accordance with the 
model tuner. 

The present invention includes an apparatus for 
controlling a factory, comprising: circuitry for conf ig- 

so uring a plurality of process models for different ma- 
chines; circuitry for configuring a plurality of different 
control strategies for different machines; circuitry for 
selecting a process model for one machine of said 
machines from the process models and for selecting 

55 a particular control strategy for a particular machine 
from the control strategies; circuitry for calculating 
settings for the one machine from the the process 
model and the control strategy; circuitry for perform- 

3 
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ing a process in accordance with the settings; circui- 
try for analyzing the process to determine if the proc- 
ess is within the predetermined limits; and circuitry 
for tuning the process model in accordance with the 
analysis 5 

These and other features of the invention that will 
be apparent to those skilled in the art from the follow- 
ing detailed description of the invention, taken togeth- 
er with the accompanying drawings. 

10 

Brief Description of the Drawings 

Fig 1 illustrates a block diagram of the present in- 
vention. 

Fig 2 illustrates a flow diagram of the present in- is 
vention. 

Fig 3 illustrates additional flow steps of the pres- 
ent invention. 

Fig 4 illustrates further flow steps of the present 
invention. 20 

Fig 5 illustrates a circuit diagram of the present in- 
vention. 

Fig 6 illustrates a portion of Fig 1. 

Fig 7 illustrates a perspective view of a design 
space; and 25 

Fig 8 illustrates a block diagram of the present in- 
vention. 

Detailed Description of the invention 

30 

In order to develop equations to model a specific 
process, the user, for example a control engineer, 
performs experiments on a machine (102). From the 
result of those experiments, the user develops a ser- 
ies of equations which predict the process behavior 35 
for that particular machine (102) which would be input 
to a ROM, RAM or memory of a computer. 

Referring to Fig 1, the predictive process model 
circuity 08) outputs a series of model outputs which 
correspond to a plurality of equations that describe 40 
the process behavior. 

Y1 = F1(x1, x2,x3...xn, d, c2...cn) 

Y2 = F2(x1, x2,x3...xn, d, c2...cn) 

Yn = Fn(x1, x2,x3...xn, d t c2...cn) 
The equations are represented by model outputs 45 
Y1 , Y2,...Yn which are defined in terms of model con- 
trollables x1, x2...xn and constant values c1, c2...cn. 
Instead of, for example, numbers, the constant values 
could be variables that are not resolved by the con- 
troller until runtime when the machine (102) is actual- so 
ly operating. However, the use of variables and con- 
stants allows for the configuration or the setting up of 
relationships that are to be used at a later time and 
preparation of the process model before runtime. In- 
stead of immediately solving the values, the process 55 
model will have a description of how to resolve those 
values at runtime. 

The model outputs from the predictive process 



model circuit (108) are input to the supervisory con- 
troller circuit (1 06), which provides targets for the set- 
ting of the machine (1 02), which are output to the reg- 
ulator control circuity 04). The regulator control cir- 
cuit (104) receives the targets from the supervisory 
control circuit (1 06) and determines the adjustment to 
the machine setting required to achieve the target 
setting, and sends this adjustment to machine (1 02). 
The machine (102) transmits an output signal, for ex- 
ample, through sensors (not shown) positioned on the 
machine to the monitor regulatory control circuit (112) 
as illustrated in Fig 1 and Fig 6 and the supervisory 
control circuit (106). The monitor regulatory control 
circuit (112) determines the difference between the 
output of the machine (102) and predetermined limits. 
A control signal is output from the monitor regulatory 
control circuit (112) corresponding to the difference 
and is input to the regulatory control circuit (104). In 
response to the control signal output from the monitor 
regulatory control circuit (112), the regulatory control 
circuit (104) adjusts the actual setting for the machine 
(1 02). The supervisory controller circuit (1 06) adjusts 
the output of the predictive process model circuit 
(108) in accordance with the output obtained from the 
machine (102). When the supervisory controller cir- 
cuit (106) makes an adjustment, the supervisory con- 
trol circuit outputs a signal to the monitor control sys- 
tem circuit (110). The monitor control system circuit 
(110) transmits a signal to the supervisory controller 
circuit (106) to indicate if the adjustment is correct, 
with respect to tuning limits. 

Since a factory has many different processes to 
perform, the factory includes many different kinds of 
machines to perform those different processes. As a 
result of those different machines, different process 
models which could be stored in a library of process 
models are required to model the different machines. 
A user, after conducting various wafer tests that have 
been produced, analyzes the results of those wafer 
tests, for example, from a regression analysis, and 
develops equations that model the process behavior. 
Such an equation can be represented by Yi = F(x1, 
x2...xn, c1, c2,...cn) where Yi = model output and xi = 
model controllables and ci = constant values. This 
procedure can be repeated for all or different kinds of 
machines within the factory, and different kinds of 
model outputs (Yi) are obtained for each different 
kind of machine. These different kinds of process 
models are input to the predictive process model cir- 
cuit (108) from a computer, a microcomputer, or a 
minicomputer via a work station, for example a per- 
sonal computer which could operate on a distributed 
network. 

Referring to Fig 5, the process model circuit (302) 
includes a process model of the process behavior rep- 
resented by equations as discused above. A user, for 
example, a control engineer, configures the process 
model for the machine (102) for example, on the com- 
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puter. There are three components to the process 
model circuit (302) the user must configure. 

The first component, the model outputs de- 
scribes the equations, for example, Yi = F(xi,ci) as de- 
scribed above. The second component, the feedfor- 5 
ward value defines how to obtain a value from the ex- 
ternal environment, for example, for use in the equa- 
tion of the output model and the prior material proc- 
essing history of the wafer which has been processed 
by previous machines. When the process model is 10 
configured, the feedforward value is a variable in the 
model output equations. At runtime, which is after the 
time of configuration, the feedforward value is re- 
solved in accordance with this definition, then the 
feedforward value replaces a variable with a constant is 
in the model output equation. The last or third com- 
ponent, the model controllables, which are machine 
parameters, are used to define limits on the allowed 
values for those same machine parameter values. 

The process model circuit (302) transmits the 20 
process model to the control strategy circuit (304). 
The control strategy is data that defines how the su- 
pervisory controller circuit (106) and the monitor con- 
trol system circuit (110) behave. The control strategy 
circuit (304) configures a control strategy to be used 25 
in combination with a process model to control the 
process. A user, for example, a control engineer con- 
figures the control strategy via a computer interface. 

Instead of operating the machine by changing the 
machine settings of the machine, the information in 30 
the control strategy allows the user to specify the de- 
sired target values. The control strategy is used by 
the supervisory controller circuit to automatically con- 
trol the machine (102) by adjusting the setting if the 
actual setting differs from the predicted setting. The 35 
control strategy provides a seamless control cycle 
significantly reducing if not eliminating the user inter- 
vention in the control cycle to control the process. 

The control strategy circuit (304) configures a 
data sampling plan, which the controller uses to de- 40 
fine the raw data to collect from sensors of the ma- 
chine (102). A measurement calculator is created by 
the control strategy circuit (304) to define or a spec- 
ification of how to transform the raw data, for exam- 
ple, from the sensors into measurements, for exam- 45 
pie, a time series analysis of the raw data could be 
generated by the data sampling plan, and a measure- 
ment calculator generates rate measurements for the 
time series analysis. The control strategy circuit (303) 
generates strategy outputs as a portion of the control so 
strategy in order to solve the process model. 

The strategy outputs include prediction equa- 
tions to define the expected value of the strategy out- 
put, observation equations to define how to derive the 
actual value of the strategy output and is a function 55 
of the measurements, constraint values, and target 
values. The observation equation defines a function 
of measurements produced by a measurement calcu- 



lator. The prediction equation defines a function of 
model outputs, for example, Yn. The constraint val- 
ues are limits on the prediction values, for example, 
the constraint values define a maximum and a mini- 
mum value for the prediction equations. The target 
values are a specific desired value for each of the pre- 
diction equations, for example, the number 5. Both 
the prediction equations and the observation equa- 
tions or just one of the prediction equations may be 
generated by the control strategy circuit (304). 

Another aspect of configuring the control strat- 
egy by the control strategy circuit (304) is a transfor- 
mation for defining the combination of predicted val- 
ues or observed values to be used to judge the quality 
of the result of the process (102). The transformation 
which could be used during data analysis could define 
a test to be used on the predicted value, the observed 
value, or a combination of these values to determine 
if the process is within a predetermined control criter- 
ia. For example, one such test is the Western Electric 
rules for detecting trends in data. The test compares 
the data transform, for example, how to produce a val- 
ue, for example, observed minus predicted. 

A further aspect in configuring a control strategy 
by the control strategy circuit (304) is the configura- 
tion of model tuning. After the machine has complet- 
ed the process, the observed values of the process 
are measured against the predicted values and ad- 
justments to the process model may be required to 
improve subsequent processing. For example, the 
configuration of the model tuning determines which of 
the process model outputs to tune, for example, 
which equation, when to tune the model output or how 
often should the model output be tuned, for example, 
should the model be tuned after each wafer run. Last- 
ly, the configuration specifies the minimum and max- 
imum amount of tuning that is allowed. As a result of 
the configuration, the model tuner specifies and 
stores a description of how to tune so that at runtime 
the remaining information necessary for the tuning is 
supplied to the actual tune process circuit (312) and 
tuning can be completed. 

The control strategy circuit (304) can provide four 
kinds of inputs to the control strategy. These inputs 
are configured by the user. First, a strategy control- 
lable defines additional limits on a corresponding 
model controllable to further limit the model control- 
lables. These additional limits limit the calculated set- 
tings for the machine which are obtained at runtime. 
Second, a feedforward value defines a variable to be 
resolved at runtime and is used as a constant in the 
equations. Third, a control parameter defines a ma- 
chine setting input by the user when configuring the 
control strategy and requires no further evaluation. 
Fourth, a derived controllable represents a machine 
setting whose values is determined after the equa- 
tions have been solved. The derived controllable in- 
cludes an equation whose variables include other in- 
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puts. 

Additionally, the control strategy circuit (307) 
configures an optimization strategy that defines how 
to solve the process model to obtain machine settings 
and predicted values for a process. The optimization 
strategy defines how to solve the equations for the 
model outputs and the strategy output predictions. In 
order to solve the equations, the optimization strat- 
egy must be configured so that the controller is able 
to obtain a single solution from the plurality of solu- 
tions. For example, if the design space is N-dimen- 
sional, the solution of the N-dimensional equations 
could include a series or number of solutions, each of 
the solutions representing either a best solution or a 
less than optimal but acceptable solution. The equa- 
tions are solved by an optimization function such that 
either the closest solution to the starting point, a glo- 
bal best solution, or the first acceptable solution ob- 
tained from the starting point is returned. The optim- 
ization function is selected to match or be in accor- 
dance with the selected process model. The determi- 
nation of whether the equations can be solved or not, 
depends in some cases upon the starting point that is 
selected for the equations. By providing a series or 
number of starting points, the probability that the se- 
lected optimizer function will fail to solve the equa- 
tions is dramatically reduced. 

The operation of the control strategy circuit (304) 
has been described in a specific sequence, however 
the configuration could be performed in any se- 
quence which the user, for example, the control engi- 
neer, determines is optimal for a particular applica- 
tion. A control strategy library includes control strat- 
egies for different machines. In order to configure a 
control system, a minimum amount of information 
needs to be configured, and before the controller per- 
mits the transfer from the configuration state to the 
run state, these minimum requirements must be sat- 
isfied. It is within the scope of the present invention 
to provide a test to determine if this minimum require- 
ment has been satisf ied. 

Thus, the calculate setting circuit (306) con- 
cludes the configuration aspect of the control strat- 
egy; the remaining circuits, named the actual control 
process circuit (308), the analysis circuit (310), and 
the actual tuning process circuit (312) relate to run- 
time. 

The process model circuit (302) and the control 
strategy circuit (304) have been separately defined 
such that the process model circuit (302) describes 
the output behavior of the process as a function of the 
model controlfables, feedforward values, and other 
model outputs. The process model through the model 
outputs, Yi, limit the model controllables such that the 
model outputs define a design space (500) such that 
the predicted behavior of the process of the machine 
is in well defined bounds (502,504), and any point 
within the design space (500) represents an accept- 



able solution to the process model. While the design 
space (500) has been illustrated in 3 dimensions, it is 
within the scope of the present invention that the de- 
sign space (500) could be n-dimensional. The proc- 
5 ess model allows the controller to predict the ideal 
process behavior of the machine (102). The process 
model is a prediction for the ideal process and does 
not necessarily define the actual process behavior. 
This prediction of the process allows the control- 
to ler to compare the actual observed process behavior 
with the predicted behavior of the process model. 
When the process behavior does not match the pre- 
dicted behavior, the process model is adjusted by a 
"feedback" so that future predicted process behavior 

15 corresponds more closely to the actual process be- 
havior. The separation of the process model from the 
control strategy permits the control strategy to be 
flexible and to be quickly updated and relate to a wide 
range of machines performing si miliar kinds of proc- 

20 esses. The control strategy is configured in accor- 
dance with the user's needs, for example different 
kinds of machines. Thus, a control strategy must cor- 
respond to a particular process to predict process be- 
havior of that process through predictions, record 

25 these predictions, and analyze the results of actual 
process behavior with respect to the predicted behav- 
ior in order to control the process. 

In order to provide an accurate prediction, there 
are various methodologies used for defining process 

30 models. One example of these various methodolo- 
gies for creating process models is fundamental mod- 
eling in which a fundamental physical model is repre- 
sented by a series of differential equations which are 
solved. The fundamental physical model is a prede- 

35 fined model which might be generic for the process to 
be modeled. 

Another of the various methodologies for creating 
the process models is response surface modeling in 
which the user, for example, a control engineer, per- 

40 forms a series of experimental processes in which the 
inputs and outputs of the experiment are modeled to 
produce a series of equations that predict the proc- 
esses represented by the experiments. 

A further methodology for creating the process 

45 models includes neural net modeling in which the user 
obtains predetermined input values and correspond- 
ing measured output values and "learns" a series of 
equations which relate or map the input values to the 
output values. The number of runs required to create 

so the process model is generally greater than with the 
response surface modeling technique. 

A further methodology for creating the process 
models is fuzzy modeling. This type of modeling is 
used in situations where the exact relationships be- 

55 tween the input values and the output values are not 
specifically defined or quantified. The fuzzy model- 
ing may include logic rules, such as if., then.., found 
in the control strategy. As an alternative, the user 
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may choose an equation since it appears to provide 
the best approximation of the relationship between 
the input values and the output values. 

At urther methodology for creating process mod- 
els is linear modeling where the relationship between 5 
the process input values and process output values 
are based on linear equations. 

All of these methodologies are represented in a 
mathematical form of an equation which is solvable 
by a computer. In accordance with the present inven- 10 
tion, the specific form of process models is configur- 
able by the user and is easily interchangeable allow- 
ing an extremely flexible controller. 

Before runtime of the controller (1 06), the control 
strategy is configured to provide a flexible outline of 15 
the relationship between the data of the control strat- 
egy. At runtime, this outline is replaced with actual 
data from, for example, the machine or the wafer his- 
tory so that the process model can be solved. 

One way that the analysis circuit (310) interprets 20 
the results of the process is through the "data sam- 
pling plan". The data sampling plan specifies the in- 
formation or raw data from the sensors on the ma- 
chine which are required to analyze the process. 
Thus, the data sampling plan defines the specific 25 
data items which the machine (102) supplies to the 
controller so that the controller can evaluate the re- 
sults from the machine. For example, if the process 
to be performed relates to a machine that etches a 
layer from a wafer, the machine could use a sensor 30 
on the machine such as an ellipsometer to measure 
the thickness of the wafer during the etch process and 
to stop the process after the thickness has reached a 
predetermined thickness value. The data sampling 
plan requests the machine to supply thickness infor- 35 
mation and time information from the ellipsometer 
during the etch process. Once the data sampling plan 
receives the actual thickness and time information, 
the measurement calculator calculates the etch rate 
which of course is a function of thickness and time in- 40 
formation and supplies the etch rate to the controller 
(106). 

Another example of the data sampling plan, if the 
process of the machine is to deposit a layer of metal 
on the surface of the wafer, the machine deposits 45 
metal for a period of time to produce the required 
thickness of the metal. The controller (106) requires 
the metal thickness deposited by the machine as a re- 
sult of the process performed by the machine. How- 
ever, the machine does not directly measure thick- so 
ness; instead, the machine measures the resistivity of 
the surface of the deposited metal layer, which is 
used to derive the thickness. The data sampling plan 
specifies that the machine supply the resistivity as 
measured by the equipment and a measurement cal- 55 
culator calculates the thickness from the resistivity 
supplied to the controller. 

In order to provide a flexible data sampling plan, 



one way to achieve the above mentioned results is to 
employ object oriented design to model the various 
circuits for deriving measurement values. A specific 
class is associated with different techniques for deriv- 
ing measurement values such that the class includes 
the specific software to extract the specific informa- 
tion from the data sampling plan and to convert that 
information into the specific information required by 
the controller. In the above example, classes defined 
using object-oriented design provide the software to 
retrieve the thickness from the ellipsometer and to re- 
trieve the period of time to produce the required thick- 
ness so that an etch rate can be calculated. With re- 
spect to the second above example, the classes de- 
fined using object oriented design include the soft- 
ware to retrieve the resistivity data from the deposi- 
tion machine and to convert this data into a thickness 
value required by the controller. 

When the user, for example a control engineer, 
completes the configuration of the process model cir- 
cuit (302) and the control strategy circuit (304), this 
data is transmitted to the calculate settings circuit 
(306). The calculate settings circuit (306) uses the 
configured data to determine the values of the ma- 
chine parameters, which are then sent to the machine 
as settings. The calculate settings circuit (306) em- 
ploys the equation solving algorithm specified in the 
control strategy to solve the equations. The values of 
the solved equations are the basis of the machine set- 
tings that are sent to the actual process circuit (308), 
and the predicted values that are sent to the analysis 
circuit (310). 

The actual control process circuit (308) defines 
the particular process step for a particular machine, 
for example, by an index value selected by the user. 
In accordance with this index value, a selection is 
made of a now predefined process model and a now 
predefined control strategy. The actual control proc- 
ess circuit (308) supplies the model outputs of the se- 
lected process model in terms of model constraints, 
objective functions, the predicted and observable 
values, the constraint and target values, the limits of 
the model controllable and the other parameters as- 
sociated with the optimization strategy. The actual 
control process circuit fills the data sampling plan dur- 
ing processing and supplies the analysis circuit (310) 
with actual data from the sensors of the machine to 
return the data defined by the configuration of the 
control strategy cicuit (304). The actual control proc- 
ess circuit (308) controls the machine to perform the 
process in accordance with settings produced by the 
control strategy and target values supplied from the 
process step and control strategy. The measurement 
calculator in the analysis circuit (310) obtains the 
measurements and derives the observed values from 
the measurements once processing has completed. 
The analysis circuit (310) transforms the actual data 
from the machine as configured by the control strat- 
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egy circuit (304) and performs the configured tests by 
using the transformed data in accordance with the 
configured tests. The actual tuning process circuit 
(312) uses the tuner configured in the control strat- 
egy circuit (304) to tune the model output equations 
from the process model equations by obtaining a del- 
ta by composing the observed values of actual proc- 
ess with the predicted values from the process model. 
If the delta is not within predetermined limits, future 
processing stops. If the delta is within the predeter- 
mined limits, the active tuning process circuit (312) 
activates the calculating setting circuit (306) to pre- 
pare the machine for another process, for example, 
another wafer to be processed. 

The operation of the controller (106) is illustrated 
in Fig. 2. At step 202, the process model is developed 
by entering the results of wafer tests by a user, for ex- 
ample, a control engineer. At Step 202 output equa- 
tions are provided that model process behavior, for 
example, Yi = F(X1, x2„ xn, d, c2,...cn) where Yi = 
model output and xi = the model controllable and ci = 
constant value. At Step 204, the process model is con- 
figured for a machine by a user. For example, the user 
constructs equations and defines feedforward val- 
ues, and model controllable in accordance with a par- 
ticular machine. The selected output equations define 
a design space (500) which may be multi-dimension- 
al. At Step 205, the control strategy is configured. 
Step 205 includes three such steps, namely Step 230, 
Step 232, and Step 234. Steps 230, 232, and 234 are 
illustrated in Fig. 4. Additionally, as illustrated in Fig. 
3, the substeps of Step 230 are illustrated At Step 
206, the measurements are configured, for example, 
the data sampling plan for obtaining raw data from 
sensors associated with the machine are obtained. A 
measurement calculator is configured and generated 
to define how to transform the raw data from the sen- 
sors to measurements, for example, from an equa- 
tion. 

At Step 238, the prediction equations, targets, 
constraints and observation equations are defined as 
strategy outputs. For example, the observation equa- 
tion defines a function of the measurements to pro- 
duce the observed value. The prediction equation de- 
fines a function of model outputs to produce the pre- 
dicted value. The constraint values are limits on the 
predicted values, and the target values are specific 
targets for predicted values. 

At Step 240, the transformation and analysis Is 
configured to define the combination of predicted val- 
ues or observed values to be analyzed and to define 
the data analysis, for example, what tests are to be 
used in analyzing the data after the process has been 
completed with the selected machine in order to de- 
termine if the process is behaving as predicted. 

At Step 242, model tuning is configured to spec- 
ify which model output equation is adjusted, when or 
how often to receive the observed value or predicted 
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values, how or which tuning algorithm to use to ach- 
ieve, for example, minimum tuning or maximum tun- 
ing. 

Referring to Fig. 4, at Step 232, the inputs are 
5 configured to define limits on the strategy outputs, to 
set the value of additional machine parameters. Ad- 
ditionally, definition of strategy controllables that fur- 
ther constrain the model controllables, feedforward 
values, with their limits are configured. 
10 Further, at Step 234, the optimization strategy is 

configured to define how to solve the equations, mod- 
el outputs and strategy outputs. For example, how to 
select the best solution using either the closest solu- 
tion to the prior, the global best solution, or the first 
15 solution. Additionally, the optimization strategy is 
configured to select the objective function which eval- 
uates the equations for a solution that is optimal. 

Referring to Fig 2 at Step 206, the process step 
is defined in accordance with the machine that the 
20 user has selected. At Step 208, a process model and 
a control strategy is selected by the software in ac- 
cordance with the process step. At Step 210, the ac- 
tual controllable or machine settings are selected by 
the controller (320) in accordance with the process 

25 model and control strategy. At Step 212, the control- 
ler (320) directs the machine to perform the process 
step, for example, process a wafer in accordance with 
the settings which have been calculated. At Step 21 4, 
the analysis is performed by applying the measure- 

30 ment calculator which has previously been configured 
to obtain observed values for the measurements. The 
data is transformed as specified and the tests which 
have been configured previously are executed, using 
the transformed data. At Step 216, a determination is 

35 made if the machine is within control parameters lim- 
its by evaluating the test results of the analysis. If the 
machine is in control, the control is transferred be- 
tween Steps 206 and Step 208. If the machine is not 
in control, the process model is tuned in accordance 

40 with the analysis to obtain adjusted model output 
equations. However, at Step 220, a determination is 
made if the tuning is within predetermined tuning lim- 
its. If the tuning is not within the predetermined tuning 
limits, then the process is stopped at Step 222 so that 

45 the machine can be reevaluated. If the tuning is within 
the predetermined tuning limits, then control is trans- 
ferred between Steps 206 and 208. 

Although, the present invention has been descri- 
bed in terms of a semiconductor factory, the present 

so invention could be applied equally to other types of 
factories. 

Referring to Fig 8, a computer 400 is coupled to 
a memory 402, and an input/output device 404 
through bus 406 could be employed to implement the 
55 present invention. 
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Claims 

1. An apparatus for controlling a process, compris- 
ing: 

circuitry for configuring a plurality of process 
models; 

circuitry for configuring a plurality of control strat- 
egies; 

circuitry for selecting a process model from said 
process models and for selecting a control strat- 
egy from said control strategies; 
circuitry for calculating settings for a machine 
from said process model and said control strat- 
egy; 

circuitry for performing a process in accordance 
with said settings; 

circuitry for analyzing said process to determine 
if said process is within predetermined limits; and 
circuitry for tuning said process model in accor- 
dance with said analysis. 

2. The apparatus of claim 1. wherein said cicuitry 
for configuring said control strategies includes 
circuitry for configuring measurements from said 
machine. 

3. The apparatus of claim 1 or claim 2, wherein said 
circuitry for configuring said control strategy in- 
cludes circuitry for configuring strategy outputs 
to define how to apply measurements to said 
process. 

4. The apparatus of any preceding claim, wherein 
said control configuring circuitry further compris- 
es circuitry for defining a combination of predic- 
tions or observations. 

5. The apparatus of any preceding claim, wherein 
said control configuring circuitry further compris- 
es circuitry for configuring a model tuner to tune 
said process model. 

6. The apparatus of any preceding claim, wherein 
said control configuring circuit further comprises 
circuitry for configuring an optimization strategy 
to solve said process model. 

7. The apparatus of any preceding claim, wherein 
the configuring circuitries configure processing 
models and control strategies for a plurality of 
machines. 



control strategies; 

calculating settings for the machine from said 
process model and said control strategy; 
performing a process in accordance with the said 
5 settings; 

analyzing said process to determine if said proc- 
ess is within predetermined limits; and 
tuning said process model in accordance with re- 
sult of said analyzing steps. 

10 

9. The method of claim 8, wherein the step of con- 
figuring the control strategy further includes the 
step of configuring measurements from the ma- 
chine. 

15 

10. The method of claim 8 or claim 9, wherein the 
method step of configuring the control strategy 
includes the step of configuring strategy outputs 
to define how to apply measurements to said 

20 process. 

11. The method of claims 8 to 10, wherein the meth- 
od step of configuring the control strategy in- 
cludes the method step of defining a combination 

25 of predictions or observations. 

12. The method of any of claims 8 to 11, wherein the 
method step of configuring the control strategy 
includes the method step of configuring a model 

30 tuner to tune said process. 

13. The method of any of claims 8 to 12, wherein the 
step of configuring a control strategy includes the 
step of configuring an optimization strategy to 

35 solve said process model. 



8. Amethod for controlling a process comprising the 
steps of: 

configuring a plurality of process models; 55 
configuring a plurality of control strategies; 
selecting a process model from said process 
models and selecting a control strategy from said 

9 
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